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SHORT WAVELENGTH STABILIZATION OF THE GRADIENT DRIFT INSTABILITY
DUE TO VELOCITY SHEAR

T. TINTRODUCTION

The gradient drift instability (also known as the E x B instability or
the £ x B gradient drift instability) has been of 1interest to space and
plasma physicists for two decades. The {nstability was initially studied
by Simon (1963) and Hoh (1963) to explain turbulence observed in laboratory
experiments. Since then the dominant interest in the instability has been
In regard to natural 1ionospheric {irregularities [e.g., equatorial

electrojet {irregularities (Farley, 1979; Fejer and Kelley, 1980) and high

latitude irregularitfes (Keskinen and Ossakow, 1982)] and to man-made

ionospheric 1lrregularities [e.g., plasma cloud releases (Linson and

Workman, 1970)). The fnstability can arise in a weakly collisional plasma

which contains a density gradient that {s orthogonal to the current flow
generated by an amblent electric field perpendicular to the magnetlc

field. Depending upon the ratios ve/ne and vt/nl, where v the

e(1) is
electron (ion)-neutral collision frequency and Qe(t) is the electron (ion)
cyclotron frequency, an ambient electric Eield can produce two types of
current in a weakly collisional plasma. For the case of ve/Qe << 1l and

vilﬂi << 1, a Pedersen current 1s produced by the ions in the direc:ifon of

the electric field; when ve/{ze <<'1 and vilﬂ1 > 1, a Hall curreant {s

produced by the electrons 1in the direction orthogonal to the electric

flield. The Pedersen current driven Lnstability {8 relevant to F region

irregularities, while the Hall current driven instability is relevant to E
region irregularities. This letter will discuss the influence of velocity

shear on the gradient drift instability driven by the Hall current.

Manuscript approved February 9, 1983.
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The motivation for this paper 1is two-fold. First, studies of the

. Rayleigh-Taylor instability (Guzdar et al., 1982) and the Pedersen current

driven gradient drift (or E x B) instability (Perkins and NDoles, 1975; Huba

et al., 1983) indicate that velocity shear can have an important effect on
these instabilities. Namely, the stabilization (or suppression) of the
short wavelength modes which causes a preferential excitatfon of a longer
wavelength mode. Thus, it is anticipated that velocity shear will have a
similar effect on the Hall current driven gradient drift instability, and,
in fact, we show that this ls the case. Second, rvecent studies of long

wavelength turbulence {n the ecquatorial electrojet (Kudeki et al., 1982;

Pfaff et al., 1982) indicate that a long wavelength mode with X ~ few km is

dominant during type 1 conditions. Thus, inclusion of velocity shear in
the plasma configuration of the electrojet may account for this

observation.
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ITI. THEORY

The plasma configuration and slab geometry used in the analysis are
shown in Fig. l. The ambient magnetic and electric fields are in the z and
-x directions, respectively (i.e., B = Bo ;z and E = - Eo(x) ;x)' The
density and electric field are assumed to be inhomogeneous in the x
direction. The collislon frequencies are such that R <K 2, and vy >> Y
where A 1s the a specie-neutral collislon frequency (assumed to be
constant) and na = IealBO/mac is the cyclotron frequency of
the a specles. The electrons can be considered to be strongly magnetized,
while the {ons are unmagnetized. Thus, the eclectrons experience a
sheared £ x B drift in the y direction (!d(x) = - ch(x)/BO ;y) while the

ions do not. This differential motion between the electrons and 1ions

produces a Hall current.

We assume that perturbed quantities vary as §p ~ Sp(x)exp{i(kyy - wt)]
where ky {s the wave number 1in the y direction and » = 0. + iy so
that vy > 0 {mplies wave growth. We neglect perturbations along the

magnetic field (5 . §0 = 0) so that only the two dimensional mode structure
in the xy plane is obtained. We assume w << 2, so that electron inertla
terms can be neglected. An 1important feature of our analysis is that a
rzonlocal theory is developed. That is, the mode structure of the potential
in the x direction (the direction in whlch the density and electron drift
velocity are assumed to vary) is determined by a dii{ferential equation
rather than an algebraic equation obtained by Fourier analysis. This {is
crucial to the analysis since previous studies of interchange instabilities

using a sheared velocity flow equilibrium [Perkins and Doles, 1975; Guzdar

et al., 1981; Huba et al., 1983] have shown that a nonlocal theory is

necessary to demonstrate the stabiliziang influence of velocity shear.




Bo
—
Fig. 1 Plasma configuration and slab geonetry.




The fundamental equations used in the analysis are continuity and

momentum transfer in the frame of reference of the neutrals:

ana
s Ve (0¥ )=0 83
. 1 Te
0= - (E+5 Y, xB) ~qam T = vy, @
e e
dav T
~i _ e _ ‘i__ -
T mt % nmi Vn vigl (3)

where o denotes partlicle specles (et electrons; 1: 1loans) and other
variables have thelr usual meanings. From Eqs. (2) and (3) we find that
the equilibrium drifts of the electrons and 1{ons, to first order

in ve/Qe and Qilvi’ are given by

v - -
e
v, - .YZ (Vd - vde)ex + (vd - vde)ey (4)
and
2y R
Yy = - v (Vg = Vagdey (3)

where V, = - cLg/By is the E x B velocity and Vg = (cTa/eaBo)aln n/3x is

the diamagnetic drift velocity of species a. An equilibrium relationship

.- between n and V4 can be obtained by substituting Fqs. (4) and (5) into Eq.
t. (1) and setting Bnalat = 0. Assuming V4 >> V4., the equilibrium relation
-

b between n and V; is

3

-

¥ n(x)vd(x) = constant (6)
-
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where we have neglected the x variation of the collision frequencies. We
hasten to add that Eq. (6), although a self-conslsteat relationship within
the context of Eqs. (1) - (3), does not necessarily model the equatorial
electrojet or auroral plasmas.
o - = + = +
We linearize Eqs. (1)-(3) by assuming n n, Gna, Ya !a Gga

and E = Eo - Vp where ¢ is the perturbed electrostatic potential., Since we
assume v << Qg» vy >» Qs and Vd >» Vda, we take the equilibrium drifts to

be, to lowest order,

Ye = Vd(x);y = - ch(x)/B0 ;y (7
!1 = 0, (8)

The perturbed velocities are given by

ik dn v ik §n_ .

sV = [- =X (& -2 &)+ & _X(e 4 -v2 =5
°!e [ Q (m 89 ve n ] + Q Q (m ¢ Ve Tn )]ex
e : e e e
- [1kx e Gne Vo iky e Sne R
: FE(Esp -2 =Y+ 2Ly -2 —Sfe (9
: Qe m, e n Qe Qe LR e n y
b .
2
Li ik o Gnt
T (. 2 =)
¢ 8V, 5 [mt $ + vi —) (10)
.,
h_'.
ti where v. = (T /m )1/2 Is the thermal speed of species a and k = k_e
. . a a o ' ’ ~ X X
E-_ - - - ~ -
{! kyey 1 3/3x e, + kyey’ i1.e., k., is an operator. In writing Eqs. (9)
- and (10) we have assumed kgLi » 1 and kiLﬁ >> 1 where L, = (3 £n n/ax)_l,
b
Ef so that we are oaly considering unstable modes which have wavelengths small
E! compared to the scala length of the denslity inhomogenelity.
r“-
;: We substitute Eqs. (9) and (10) into Eq. (1) and obtain
i_' 6
boe
b.<




Sn
- - 2,2 £ =
[- 1(w kyvd) + kZp2v  + 1kypeve/Ln] -

[1k !1‘—-+ K2 ;—e] -‘1-,12—4, (11)
¥ Y e Te Ve
and
Gni e
- k2y2) = = = K2
[m(m-i-ivi) kvi] — mtk(b. (12)

where pe = ve/ne and Ln = (3 &n nlax)-l. Assuming quasi-neutrallty

(6n° = Gni) we find that Eqs. (11) and (12) reduce to

=

v v k ik
LS TN ) - £ o X 2k A -
i a csk ¢ + [(w -cde)Ql {w(w + ivi) 3 i cs]k ¢ + T viw¢ 0
e e n n
(13)
¥inally, we assume ki <L k§ and expand x* about the small patrameter
- ki/kg, retaining terms to second order in k. . We then make the {dentifi-
" cation ki = - 32/3x2 and arrive at the mode equation
P 2
g 3 w2 x)p = 9 (14)
- ax2 y
-
h~
» where Q(x) = q(x)/p(x) and
- -1 - . o~
i = - - k252 - -1 R R
i P(x) = w = koV,(x) kypi[(kyLn) 24y Ja, ~folw/a  + 1y ) (15)
2
2 1
: =y - + + 1y ) - k242 T D
. q(x) = kde(x) (w(w/a, + 1v ) kyplnll[(kyLn) tv,] (16)
.
F‘ - ~ - ~ -
F vhere p, cs/Ql, vy \’l/Qt and v, ve/ne.
:
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III. RESULTS

[n order to understand the influence of velocity shear on the gradient
drift lastability we coatrast two cases. 1In the first case we assume Egy =
coastant (i.e., Vd = constant} no shear) and in the second case we coasider
Eg # constant (i.e., Vq = Vd(x); shear).

A. No shear (V4 = constant)

We assume Ey = constant so that Vd = coastant, and use local theory

previous authors have considered (e.g., Rogister and D"Angelo, 1970; S:

et al., 1973), i.e., Eq. (6) is violated. The local approximation assumes
kiLi > 1 and kng > 1, t.e., the waveleagths of the unstable modes are
small compared to the density inhomogeoneity. The dispersion equation (Hq.
(13)) can be written as

~

A"
e .
+§;(w2 - k2e?)) =0 (17)

<
(e

ko
@1+ vevi) - kyV + i(m El

\

|

=

L
n

where we have assumed ;e >> l/kLn for simplicity. Assuaing |yl << Imrl, we

find the solution of Eq. (17) to be

w_ = kde/(l + vive) (18)
MR w_ k
e 1 r 1 1
e el G 2
vevt ve n “191

fquations (18) and (19) agree with earller results (Rogister and D”Angelo,

1970; Sudan et al., 1973) and describe both the Farley-Buneman and gradient

drift instabilities. The Farley-Buneman instability can occur when
w > kcs or Vg > cg(l + ;1;e). On the other hand, the gradient drift

instability is excited when

-’
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L

k
1 v 1 2
ol >0 (20)
v n

for kp1 <K 1. When Vy < cs(l + ;1;e) and kpi ~ 1, the gradient drift modes
are stabilized because of electron—-neutral collision (i.e., diffusion
damping). The important condition represented by Eq. (20) Is that the
electric field and density gradient be 1in the same direction for

ifnstability.

We plot the growth rate Ym/ﬂi Vs, kvpt (and k L) 1in Fig. 2 (curves A

and B) for the case of no shear. Equatfon (13) is solved numerically f{or

the following parameters: Vd/cS -1.5 (curve A) and Vd/cS = =0,2

(curve B), pi/L = 10-3, L,/L 1.0, ve/Qe = 10-2, and vi/-’zi = 25.0.
Hera, Yo is the growth rate maximized with respect to kx/ky. We note the
following. First, Ym * ky for kypi < 0.04 (or kyL < 40) in both curves A
and B. Second, Yo constant for 0.04 < kypi < 0.%0 (or 40 ¢ kyL < 400).
And finally, Yo increases sharply for kyp1 > 1 when Vd/cs = -1,5% which is
due to the Farley-Buneman instablility (curve A); Yo becomes

negative (y_ < 0) for k p, ~ 0.65 when V;/c. = =-0.2 which is due to the
m y i d’*s

collisional electron damping of the gradient drift instability (curve B).

B. Shear (Vd # constant)

We assume Fp # constant so that V4 = Vd(x) and a sheared velocity flow

DL an g et "

exists in the plasma. As in the case of the ExB Lastability [Perkins and
Dolzg, 1975; Huba et al., 1983] local theory Ls inadequate to properly
f‘ describe the linear properties of the mode. We solve Eq. (l4) numerically
using a finite difference scheme [i1.e., the Numerov method (Gladd and
Horton, 1973)] to obtain eigenvalues and eigenfunctions. The boundary

conditions used are

D At o
L. A
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rig. 2 Plot of the maximum growth rate vs. wavenumber

[Ym/fz1 vVS. kyL (kypi)] for the cases of no shear (A and B) aad
shear (A" and B”); and of the phase velocity vs. wavenumbet

v, = w/kycs vs. kyL (kypi)], denoted by circles, €for the

ph

sheared case., See the text for a description of the parameters.
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X
$(x) = ET%I?;; exp([+ 1 [ dy Ql/z(y)] for x| + = (21)

with the sign of the WKB solution cho <21 such that a damped solution is
obtained in the limit [x| + =,

The density profile used in the analysis is given by

1 + ¢ tanh(x/L)

n(x) = a, T (22)
where 0 € ¢ < 1, L characterizes the width of the boundary layer, and
ng = n{x = = o), We assume ¢ = 0.8 for the results presented so that
-1 3 4n n -1 o ,
(L Jpax = (3 Jmax = L at x/L = =0.55 (23)
The equilibrium velocity profile chosen to satisfy Eq. (6), i.e.,
V(%) =V ona/n(x) (24)

where Vao = Vd(x a2 - o),

In Fig. 2 we plot ym/ni VS, kyL (or kypi) based upon Eqs. (14), (22)
and (23) for the following parameters: Vdo/cs = ~7.5 (curve A”) and
Vdolcs = -1.0 (curve B7), pilL - 10-3, velnc = 10‘2, and “1/91 = 25,0,
Here, Ym is the growth rate maximized with respect to mode number, which is
analogous to k.. We point out that the mode structure of the unstable
waves (l.e., the eigenfuaction) is not localized about the position of
maximum density gradient (x = -0.55 L) but rather at x = 0. The local

drift velocity at x = 0 {8 approximately de = Vdo/S so that V -1.5

dr
(curve A°) and de = =0,2 (curve B”). Thus, the 1local plasma conditious

11
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are roughly the same between curves A and A, and between B and B”., The
only difference being that the primed curves contain the effects of
velocity shear. 1In the region kyL <10 (or kyp1 S 10-2) it i{s clear that
velocity shear has no effect on the gradient drift instability since curves

A and A", and B and B” coincide. However, for kyL > 10 (or kypl > 10-2

)
the primed and unprimed curves diverge. We find that the gradient drift
instability achleves maximum growth at kyL = 20 and is stabdle (y < 0) at
kyL = 35, The value of kyL for which the mode (s "shear stabllized" is
more than an order of magnitude smaller than the diffusive cutoff
associated with curve B (kyL ~ 650). Thus, velocity shear has the effect
of stabilizing the short wavelength gradient drift modes. Note that the
position of maximum growth is independent of the drift veloclty V- Thus,
the wavelength of the most unstable modes is dictated by L, not Vae

We also plot the phase velocity of the waves as a fuanction of ky in
Fig. 2. Specifically, we show vph = m/kycs VS, kyL for the sheared drift
cases (A” and B”); we denote Vph by small circles in Fig. 2. For kyL < 20
we find that Vph « ky, while for kyL > 20 that Vph ~ constant. Unlike the
position of maximum growth, the phase velocity of the waves 1is a function
of the drift velocity Vqi the larger the drift velocity, the larger the
phase velocity of the waves. F¥For the parameters considerad in Fig. 2 we

note that w/kycs =+ 0.1 for Vdo/cs = -1.0 (8”) and m/kycs = 1.0 for

Vdo/cs = _705 (A’)-

12
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IV. DISCUSSION

We have presented a nonlocal analysis of the gradieant drift
instability. The new effect included in this theory Is the allowance for
an inhomogenous electric field which produces a sheared drift velocity,
lie., V4 = Vd(x). The major result of this work is that velocity shear can
stabilize the short waveleangth modes of the instability, and prefereatially
excite a longer waveleagth mode than would be expected from local theory.
This result 1is similar to the short wavelength stabilization of

the £ x B instability [Perkins and Doles, 1975; Huba et al., 1983). On the

other hand, the long wavelength modes appear to be unaffected by velocity
shear. We emphasize that we have not explored the influence of veloclity
shear on the Farley-Buneman instability; Lt 1s possible that Tn in curve A”
of Fig. 2 may become positive for kyp1 2 1. We also mention that we have

only coasidered linear theory and that a nonlinear cascade of wave energy

(Keskinen et al., 1979) could produce wave turbulence in the regime
kyp1 > 20 even for the velocity sheared cases considered in Fig. 2.

We discuss the possible significance of these results to the
equatorial and auroral E regions. Recently, observations of 1long

wavelength lrregularities in the equatorial " region have been made (Kudeki

et al., 1982; Pfaff et al., 1982). These long wavelength irregularities

are characterized by having (1) wavelengths such that kL ~ 23 where L ~ 3-
30 km (L.e., A ~ few kms); (2) wavelengths determined by the gradient scale

length, not the drift velocity; (3) phase veloclities V , ~ 100 m/sec <

p
cg ~ 360 m/sec; and (4) large amplitudes. Our theory is consistent with
the first three observations, but cannot address the Ffourth siace it {is

only a linear theory. We find that velocity shear stabilizes the short

wavelength modes of the gradient drift iInstability and preferentially

13
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excltes a mode such that kyL ~ 20; that the scaling of the dominant

wavelength is rvelated to the scale size of the system and not to the drift
velocity (i.e., kyL ~ 20 for both curves A° and B”); and that the phase

for Vd < c

s

velocity of the dominant wave Is such that Voh ~ au/ky <c s

These findings suggest that velocity shear may account for the dominant

long wavelength irregularitles observed Ln the equatorial electrojet. This
conclusion must be regarded as tentative, though, since the density and
[‘ velocity profiles used in this analysis [Eqs. (22) and (24)], based upon
Eq. (6), do not accurately wmodel the equatorial electrojet. However, based

upon previous work (Guzdar et al., 1982; Huba et al., 1983) and analysis of

Eq. (14) using different plasma profiles, we find that the Ffundamental
connlusion of this paper, viz., velocity shear can stabilize short
wavelength modes of the gradient drift instability, Ls not sensitive to the
plasma profiles chosen. Nonetheless, 1in order to test our hyponthesis
regarding the equatorial electrojet, an appropriate plasma equilibrium is
needed which could perhaps be supplied by experimentalists. Also, the
actual parameters used in this analysis (e.g., V.:m/cS = = 7,5) ara not
appropriate to electrojet conditions but are chosen to contrast the role of
shear to the role of drift velocity.

We suggest that such long wavelength ilrregularities may exist {n the
auroral electrojet and could be responsible for the long wavelength
structuring of auroral 1{irregularities. Discrete auroras are observed to
have two distinci size scales: (1) one ts the tens of kilometer width
asgsoclated with inverted V precipitation, and (ii) the other {is the
kilometer widths of auroral arc elements which appear to be imbedded (n the
inverted V precipitation region (e.g., Davis, 1973). The formation of

Inverted V arcs can be understood in terms of the magnetosphare-fonosphere

14
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coupling (e.g., Kan and Lee, 1980). We suggest here that the gradient

drift instability discussed in this paper can lead to the development of
the small-scale arc elements within the inverted V precipitation region.
During substorms, the lonospheric plasma density 1ia the auroral arc region
is greatly enhanced due to the i{onization of the atmosphere caused by the
precipitation of energetic electrons. 1In addition, patred electric fields
directed toward each other are present {n the 1inverted V region.
Therefore, a large plasma density gradient and an electric field gradient
may exist in the arc regfon, which will result {in the long wavelength
gradient drift instability as obtained here. Take an inverted V region to
have a width L = 30 km, The eigenfunction $(x) in (14) for the most
unstable mode (kyL = 20) 1s found to have 4-6 peaks. Thus, 1t is plausible
that the large-scale arc will be filamented {into 4-6 arc elements as

usually observed (Davis, 1978).
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O1CY ATTN ALAN BURNS
01CY ATTN G. SMITH
01CY ATTN R. TSUNODA
01CY ATTN DAVID A. JOHNSON
01CY ATTN WALTER G. CHESNUT
O1CY ATTN CHARLES L. RINO
01CY ATTN WALTER JAYE
OLCY ATTN J. VICKREY
01CY ATTN RAY L. LEADABRAND
01CY ATTN G. CARPENTER
01CY ATTN G. PRICE
01CY ATTN J. PETERSON
01CY ATTN R. LIVINGSTON
01CY ATTN V. GONZALES
0ICY ATTN D. MCDANIEL

STEWART RADIANCE LABORATORY
UTAH STATE UNIVERSITY
1 DE ANGELO DRIVE
BEDFORD, MA 01730
01CY ATTN J. ULWICK

TECHNOLOGY INTERNATIONAL CORP
75 WIGGINS AVENUE
BEDFORD, MA 01730
0iCcY ATTN W.P. BOQUIST
TOYON -
34 WALNUT LAND
SANTA BARBARA, CA 93111
0ICY ATTN JOHN ISE, JR.
O1CY ATTN JOEL GARBARINO

TRW DEFENSE & SPACE SYS GROUP

ONE SPACE PARK

REDONDO BEACH, CA 90278
01CY ATTN R. K. PLEBUCH
01CY ATTN S. ALTSCHULER
01CY ATIN D. DEE
P1CY ATTM D/ Stockwell

SNTF/1575

C iy

VISIDYNE

SOUTH BEDFORD STREET

BURLINGTON, MASS 01803
01CY ATTN W. REIDY
O1CY ATTIN J. CARPENTER
01CY ATTN C. HUMPHREY

4

TrrrYyYvyw
‘r

e

TNV YT

VTR

26

PO R W PN DL I R D PO S WP S Sy




I" ] ",'TT =

L

e
P N

DA IR0t DA o g

[ -

B

-y
-

v ."

i
- . .

o

LA S Sl it Gl SN N IR T R et S AR i

IONOSPHERIC MODELING DISTRIBUTION LIST

(UNCLASSIFIED ONLY)

PLEASE DISTRIBUTE ONE COPY TO EACH OF THE FOLLOWING PEOPLE (UNLESS OTHERWISE

NOTED)

NAVAL RESEARCH LABORATORY
WASHINGTON, D.C. 20375

Dr. S. Ossakow - Code 4700 (26 copies)

Code 4701

Code 4780 (100 copies)

DR. P. MANGE - CODE 4101

DR. E. SZUSZCZEWICZ - CODE 4108
DR. J. GOODMAN - CODE 4180

DR. P. RODRIGUEZ - CODE 4108

A.F. GEOPHYSICS LABORATORY
L.G. HANSCOM FIELD
BEDFORD, MA 01730
DR. T. ELKINS
DR. W. SWIDER
MRS. R. SAGALYN
DR. J.M. FORBES
DR. T.J. KENESHEA
DR. W. BURKE
DR. H. CARLSON
DR. J. JASPERSE

BOSTON UNIVERSITY
DEPARTMENT OF ASTRONOMY
BOSTON, MA 02215

DR. J. AARONS

CORNELL UNIVERSITY

ITHACA, NY 14850
DR. W.E. SWARTZ
DR. R. SUDAN
DR. D. FARLEY
DR. M. KELLEY

HARVARD UNIVERSITY

HARVARD SQUARE

CAMBRIDGE, MA 02138
DR. M.B. McELROY
DR. R. LINDZEN

INSTITUTE FOR DEFENSE ANALYSIS
400 A2MY/NSAVY DRIVE
ARLINGTON, VA 22202

DR. E. BAUFR

Al A [ S WY L. e h Oy
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
PLASMA FUSION CENTER

LIBRARY, NW16-262

CAMBRIDGE, MA 02139

NASA
GODDARD SPACE FLIGHT CENTER
CREENBELT, MD 20771

DR. R.F. BENSON

DR. K. MAEDA

Dr. S. CURTIS

Dr. M. DUBIN

DR. N. MAYNARD - CODE 696

NATIONAL TECHNICAL INFORMATION CENTER
CAMERON STATION
ALEXANDRIA, VA 22314

12CY ATTN TC

COMMANDER

NAVAL AIR SYSTEMS COMMAND

DEPARTHENT OF THE NAVY

WASHINGTON, D.C. 20360
DR. T. CZUBA

COMMANDER
NAVAL OCEAN SYSTEMS CENTER
SAN DIEGO. CA 92152

MR. R. ROSZ - CODE 5321

NOAA
DIRECTOR OF SPACE AND ENVIRONMENTAL
LABORATORY
BOULDER, CO 80302
DR. A. GLENN JEAN
DR. G.W. ADAMS
DR. D.N. ANDERSON
DR. K. DAVIES
DR. R. F. DONNELLY

OFFICE OF NAVAL RESEARCH
800 NORTi QUINCY STREET
ARLINGTON, VA 22217

DR. G. JOINER
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PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY PARK, PA 16802

DR. J.S. NISBET

DR. P.R. ROHRBAUGH

DR. L.A. CARPENTER

nn. H. wn

DR. R. DIVANY

DR. P. BENNETT

DR. F. KLEVANS

PRINCETON UNIVERSITY
PLASMA PHYSICS LABORATORY
PRINCETON, NJ 08540

DR. F. PERKINS

SCIENCE APPLICATIONS, INC.
1150 PROSPECT PLAZA
LA JOLLA, CA 92037

DR. D.A. HAMLIN

DR. L. LINSON

DR. E. FRIEMAN

STANFORD UNIVERSITY
STANFORD, CA 94305
DR. P.M. BANKS

U.S. ARMY ABERDEEN RESEARCH
AND DEVELOPMENT CENTER
BALLISTIC RESEARCH LABORATORY

ABERDEEN, MD
DR. J. HEIMERL

GEOPHYSIICAL INSTITUTE

UNIVERSITY OF ALASKA

FAIRBANKS, AK 99701
DR. L.C. LEE

UNIVERSITY OF CALIFORNIA,
BERKELEY

BERKELEY, CA 94720
DR. M. HUDSON

UNIVERSITY OF CALIFORNIA
LOS ALAMOS SCIENTIFIC LABORATORY
J-10, MS-664
LOS ALAMOS, MM 87545

DR. M. PONGRATZ

DR. D. SIMONS

DR. G. BARASCH

DR. L. DUNCAN

DR. P. BERNHARDT

DR. S.P. GARY
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UNIVERSITY OF CALIFORNIA,
LOS ANGELES

405 HILLGARD AVENUE

LOS ANGELES, CA 90024
DR. F.V. CORONITI
DR. C. KENNEL
DR. A.Y. WONG

UNIVERSITY OF MARYLAND

COLLEGE ‘PARK, MD 20740
DR. K. PAPADOPOULOS
DR. E. OTT

JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
JOHNS HOPKINS ROAD
LAUREL, MD 20810

DR. R. GREENWALD

DR. C. MENG

UNIVERSITY OF PITTSBURGH
PITTSBURGH, PA 15213
DR. N. ZABUSKY
DR. M. BIONDI
DR. E. OVERMAN

UNIVERSITY OF TEXAS
AT DALLAS
CENTER FOR SPACE SCIENCES
P.0. BOX 688
RICHARDSON, TEXAS
DR. R. HEELIS

75080

UTAH STATE UNIVERSITY
4TH AND BTH STREETS
LOGAN, UTAH 84322

DR. R. HARRIS

DR. K. BAKER

DR. R. SCHUNK

DR. J. ST.-MAURICE
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